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An increase in the availability of soil phosphorus (P) has recently been recognized as an 1 
underling mechanism of the positive relationship between plant diversity and ecosystem 2 
functioning. The effect of plant diversity on the bioavailable forms of P involved in 3 
biologically mediated rhizospheric processes and how the link between plant and soil 4 
microbial diversity facilitates soil P bioavailability, however, remain poorly understood. 5 
We quantified four forms of soil bioavailable P in subtropical mature forests using a 6 
novel biologically based approach and soil microbial diversity based on high-throughput 7 
Illumina sequencing. Tree species richness was positively correlated with the four forms, 8 
which was more pronounced in organic than mineral soil. A model of the link between 9 
plants and soil microbes for each form indicated that soil bacterial and fungal diversities 10 
played dominant roles in mediating the effects of tree species richness on the 11 
bioavailability of soil P. The increasing biodiversity of trees and soil bacteria and fungi 12 
could maintain the bioavailability of soil P in forest ecosystems and alleviate the 13 
limitation of soil P. 14 
 15 
    Many studies have reported that plant biodiversity enhances ecosystem functions, 16 
particularly above- and belowground biomass or productivity1, 2. Increases in biomass and 17 
productivity (e.g. overyielding) in ecosystems with many species of plants can be attributed to 18 
sampling (or selection) effects of the dominant species and to complementarity effects among 19 
species3-5. The sampling effects are species-specific impacts on biomass due to the higher 20 
probability of having highly productive species included and dominant in more highly diverse 21 
ecosystems3, 4, 6. The complementarity effects refer to the various forms of niche partitioning 22 
among species for acquiring resources in ways that are spatially or temporally complementary, 23 
or plant-plant facilitation for increasing resource availability or other growing conditions, and 24 
therefore increasing productivity3, 4, 6. Phosphorus (P) is an important nutrient for various 25 
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physiological processes and components7 (e.g. energy metabolism, signal transduction, energy 26 
carriers, nucleic acids and membranes) needed for plant growth but is often deficient to meet 27 
the demands of plants8, 9. An increase in soil P availability has therefore recently been 28 
recognized as an underlying mechanism for the positive effects of plant diversity on ecosystem 29 
biomass and productivity10. P, however, occurs in many inorganic and organic forms in the 30 
soil, and the use of multiple forms of P by plants is complex and poorly understood11. 31 
Understanding how plant diversity affects the availability of multiple forms of bioavailable P, 32 
as opposed to single forms of available P or total P12, 13, may facilitate the development of 33 
sustainable strategies to alleviate limitations of soil P. 34 
    Plants develop a range of mechanisms accompanied by microbial processes in response 35 
to P deficiency to increase the mobility and bioavailability of soil P8, 11. Four potential 36 
mechanisms can be generalized: (1) modification of root morphology and formation of 37 
mycorrhizae14-16, (2) exudation of organic acids9, 17-19, (3) exudation of enzymes (e.g. 38 
phosphatase and phytase) 19-21 and (4) exudation of H+/OH−/HCO3
−18, 22, 23 in the rhizosphere 39 
by plant roots and soil microbes. The forms of bioavailable P involved in mechanisms 1 to 4 40 
are defined as CaCl2-P, citric-P, enzyme-P and HCl-P, respectively
9.  41 
Increases in soil P bioavailability in ecosystems with diverse plant species are 42 
hypothesized to involve plant-plant facilitation24, where P-mobilizing species improve P 43 
nutrition for themselves and neighboring non-P-mobilizing species by secreting organic acids, 44 
protons and enzymes into the rhizosphere to desorb and solubilize phosphates10, 12, 24. 45 
Facilitation has recently been identified in two-species intercropping ecosystems10, 24, 25. 46 
Forests are P self-nourishing ecosystems that depend on P retained in their own biomass and 47 
supplied from litter decomposition26. The facilitation of soil P bioavailability, however, has 48 
not yet been reported for forest ecosystems, which often consist of more than two plant species 49 
or even dozens of species. 50 
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    Soil microbes play important roles in returning nutrients to the soil by the decomposition 51 
of litter (leaves and roots) and root exudations, which are key processes that bridge the link 52 
between plant and soil P nutrition12, 16, 24, namely plant-microbe-soil interaction24 (Extended 53 
Data Fig. 1). Diverse plant communities produce litter composed of more diverse traits of 54 
leaves and roots (in amount and quality) and release more diverse root exudates27. The litter 55 
and exudates can also influence soil organic carbon (SOC)24 and directly affect soil microbial 56 
composition and activity12, 24, 28, 29. Bioavailable soil P clearly has simultaneous multiple 57 
forms9, and these forms can be mediated in natural ecosystems by the biodiversity of soil 58 
microbes. For example, ectomycorrhizal (ECM) fungi are widely considered the main factor 59 
for improving P uptake by plants24, 30, 31, and saprotrophic fungi are responsible for litter 60 
decomposition and play a crucial role in the mobilization of organic P32. Bacteria can 61 
solubilize mineral P or immobilize it in their biomass33. Plant and soil microbial communities 62 
and their interactions can shape multiple forms of bioavailable P, but identifying and 63 
quantifying their relative effects is difficult, perhaps because soil microbes obtain C 64 
compounds from plants in exchange for mineral nutrients, including P30, 33. Plant-microbe-soil 65 
interactions may thus be key mechanisms for understanding the biogeochemical processes 66 
involved in P bioavailability in diverse plant ecosystems. 67 
    Bioavailable-P plant-plant facilitation and plant-microbe-soil interactions may strengthen 68 
as forest stands develop34. We selected a total of 94 subplots (with areas of 10 × 10 m) along 69 
diversity gradients from 1 to 12 tree species in three mature subtropical forests35 (Extended 70 
Data Fig. 2) to quantify the four forms of soil bioavailable P (CaCl2-P, citric-P, enzyme-P and 71 
HCl-P), tree species richness, soil bacterial and fungal diversity (Shannon index) and many of 72 
the drivers hypothesized to be important for regulating their variation. We plotted bivariate 73 
relationships to determine the influence of biodiversity on bioavailable P. We identified the 74 
underlying mechanism of the effect of tree species richness on bioavailable P by formulating 75 
 
5 
a theoretical framework for the interconnections among all drivers and using structural 76 
equation models (SEMs) to empirically evaluate the theoretical framework (Extended Data 77 
Fig. 1). More details of the methodology are provided in the Methods section. 78 
    Tree species richness was positively associated with soil P bioavailability (Fig. 1), 79 
consistent with other studies4, 13. Tree species richness may have been positively correlated 80 
with bioavailable P because diverse tree species may produce more and diverse litter (leaves 81 
and roots) to form SOC (Fig. 2), have various root morphological characteristics for secreting 82 
more exudates (i.e. organic acids, phosphatases and H+/OH-/HCO3
-) and increase tree growth 83 
(i.e. basal area (BA), see Fig. 2), thereby increasing the requirements of the nutrients, including 84 
P, that drive root exudation and intensify soil microbial activities. The positive effects of tree 85 
species richness on bioavailable P were more pronounced in organic than mineral soil (Fig. 1), 86 
reinforcing the premise that forests with many tree species generate diverse quantities and 87 
qualities of litter24 and increase the density of fine roots distributed in the organic horizon, 88 
which greatly increases P exudation. 89 
    The effects of tree species richness on bioavailable P varied with the form of bioavailable 90 
P8 (Figs. 1 and 2). CaCl2-P is a labile P that is easily available to plants and is then depleted in 91 
the rhizospheric soil14, 16. A CaCl2-P concentration gradient formed between the rhizosphere 92 
and bulk soil, which could drive the mobilization of CaCl2-P from bulk soil to the rhizosphere. 93 
Citric-P is an active form of inorganic P, adsorbing to clay particles and weakly binding to Ca, 94 
Fe or Al precipitates, which can be easily released by organic acids9, 18, 19. Organic acids are 95 
commonly secreted by living plants or dead roots, and their secretions are plant species-96 
specific. HCl-P is a recalcitrant inorganic P that can be solubilized by H+/OH-/HCO3
- root 97 
exudates. H+/OH-/HCO3
- are secreted when roots take up ions in unbalanced proportions, 98 
which is also plant species-specific8. More and diverse root morphological characteristics, 99 
organic acids and H+/OH-/HCO3
- may increase the bioavailability of CaCl2-P, citric-P and HCl-100 
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P in diverse species communities (Fig. 2a, b and d). Enzyme-P, however, is an organic form of 101 
P that will only be taken up by plants if mineralized by phosphatases9, 36. Phosphatase 102 
exudation by plants consumes energy and depends on the demand for P21, 37. If CaCl2-P, citric-103 
P and HCl-P increased by high diverse trees is sufficient for supporting P requirements of 104 
plants, they contribute to reduce energy and substrate consumption36, and there is a weak 105 
relationship between enzyme-P and tree species richness. 106 
    Our results indicated a strong, positive and linear correlation between the amount of 107 
bioavailable P and bacterial and fungal diversity (Fig. 3), but the effect of microbial diversity 108 
on bioavailable P differed among microbial taxa. The solubilization and immobilization of 109 
inorganic P are the main mechanisms responsible for bacterial P bioavailability33. Bacterial 110 
diversity also directly increased the amounts of the three forms of inorganic P (CaCl2-P, citric-111 
P and HCl-P; Fig. 2). The ability to solubilize inorganic P depends on the development of 112 
extraradical mycelia by ECM fungi and the release of organic acids and H+/OH-/HCO3
-30, 33. 113 
Fungal diversity contributed more than bacterial diversity to the bioavailability of enzyme-P 114 
(Fig. 3), suggesting that fungal communities had a dominant role in enzyme-P bioavailability 115 
by the exudation of phosphatases. The effects of fungal diversity on citric-P and HCl-P were 116 
similar to those of bacterial diversity and tree species richness, indicating that organic acids 117 
and H+/OH-/HCO3
- are commonly released by plants and microbes. A specific functional 118 
group of ECM fungi has been documented as an important P predator and helped plants take 119 
up P24, 30, 31. In addition, CaCl2-P is a readily absorbed and used form of inorganic P
9, so the 120 
lack of significant impacts of fungal diversity on CaCl2-P was not surprising, because highly 121 
efficient CaCl2-P uptake by ECM fungi can offset the positive effects of other functional 122 
groups of fungi. 123 
    Soil microbial diversity mediated the effects of tree species richness on soil bioavailable 124 
P by three biological mechanisms (Figs. 2 and 4). Firstly, the roots of diverse tree species 125 
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release diverse exudates in rhizospheric soil as a “booster” for soil microbial activity and 126 
diversity8. Our analysis found that tree species richness directly increased bacterial diversity. 127 
Secondly, the plants in tree-rich communities have long fine roots, which provide more and 128 
multiple hosts for soil microbes and thus multi-host-multi-microbe interactions38. Our results 129 
indicated that tree species richness increased the length of fine roots and bacterial and fungal 130 
diversity. Thirdly, tree species richness increased tree basal area (aboveground biomass) and 131 
fine-root biomass, which would produce larger amounts and varieties of litter and thus more 132 
SOC, which would then decrease bacterial and fungal diversity. The higher amounts of litter 133 
produced by highly diverse species communities could affect resource availability or litter 134 
leachates and alter microclimatic conditions, including soil-water content and temperature, 135 
which might suppress the growth of some common microbial species or decrease their 136 
competitive ability, thus lowering microbial diversity39. In contrast to diversity, microbial 137 
activity and biomass could increase as the amounts of litter39 and SOC36 increased, which 138 
could also increase mycorrhizal formation and exudation of organic acids, phosphatases and 139 
H+/OH-/HCO3
- to increase the amount of bioavailable P. 140 
    SOC had positive and direct effects on citric-P, enzyme-P and HCl-P24 (Fig. 2 and 141 
Extended Data Figs. 3-6). Both biological and physical processes can account for this result. 142 
Among the biological processes, communities with diverse tree species producing more SOC36 143 
lead to higher microbial activity and thereby the production of more organic acids, 144 
phosphatases and H+/OH-/HCO3
-. The physical processes vary depending on the form of 145 
bioavailable P. Citric-P and HCl-P bind weakly or create stable Fe and Al precipitates9 at 146 
elevated concentrations of SOC in acidic forest soils, which can easily form soluble C 147 
compounds-Fe(Al)-P complexes in which P is readily liberated40. The positive correlation 148 
between SOC and enzyme-P may be due to the ability of SOC to adsorb phosphatases in an 149 
active form41 and then maintain a high rate of enzyme-P mineralization. 150 
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    The bivariate plots of tree species richness could only explain less than 7, 22, 7 and 12% 151 
of the variation in CaCl2-P, citric-P, enzyme-P and HCl-P (Fig. 1), but the SEMs could explain 152 
18, 41, 25 and 45% of the variation in CaCl2-P, citric-P, enzyme-P and HCl-P, respectively. 153 
The SEM results indicated that the effects of tree species richness on bioavailable P were 154 
mediated by other biotic and abiotic factors, such as soil microbes and SOC concentrations. 155 
Not all of the variability of bioavailable P could be explained by the variables in these SEMs. 156 
Other variables (e.g. soil pH; Extended Data Figs. 7 and 8) not included in these SEMs may 157 
thus have also contributed to the effects of tree species richness on bioavailable P. 158 
    To the best of our knowledge, this study is the first to explore the mechanism of soil P 159 
bioavailability in subtropical forests with diverse tree species by identifying the links between 160 
trees, microbes and soil. Our findings have three important implications for understanding the 161 
interactions between biodiversity and bioavailable P. Firstly, the increase in tree species 162 
richness increased soil bioavailable P, including CaCl2-P, citric-P, enzyme-P and HCl-P, which 163 
were more pronounced in organic than mineral soil. Secondly, soil bacterial and fungal 164 
diversity can mediate the effects of tree species richness on bioavailable P. Tree species 165 
richness can directly affect bacterial diversity and indirectly affect bacterial and fungal 166 
diversity by increasing tree basal area and fine-root biomass and length, thereby affecting 167 
bioavailable P. Thirdly, the SEMs indicated that SOC served as a link between tree species 168 
richness and soil microbial diversity to affect bioavailable P, suggesting that soil abiotic factors 169 
may be key drivers controlling the relationships between biodiversity and bioavailable P. More 170 
observations and experiments that link plant and soil biodiversity to bioavailable P will 171 
certainly be needed in the near future to evaluate and predict P bioavailability and mobilization 172 
in forest ecosystems, because the loss of biodiversity is continuing and soil properties are 173 
changing in forest ecosystems. 174 
 175 
 
9 
Online content Methods, additional Extended Data items and source data are available in the 176 
online version; references unique to these sections appear only in the online version. 177 
